Simulation in passive millimeter-wave (MMW) imaging of rough surfaces is an indispensable step in the simulation in passive radiation imaging, especially for the rough surfaces of different roughness surfaces. However, little attention has been paid to the simulation of rough surface; based on the existing model of brightness temperature tracing described in previous work, diffused reflection of the rough surface is taken into account in the improved model which is presented in this paper. In the paper, the brightness temperature tracing model of different roughness surfaces has been established. Then, we present a method called multilayer brightness temperature tracing (MBTT) method to obtain the radiation brightness temperature of rough surface. Hence, the discrimination of brightness temperature tracing method is enhanced.
Introduction
Millimeter-wave (MMW) imaging has been a hot topic in imaging work in recent years; a desirable advantage of MMW imaging is that millimeter waves penetrate cloud and mist and dust [1] [2] [3] [4] . Compared with active millimeter-wave imaging, the passive MMW imaging is more widely used because of its good stealth to detect and discriminate target [5] [6] [7] .
At present time, the work of passive MMW imaging has been restricted by the imaging distance. Entering twenty-first century, along with the development of advanced technology of instantaneous imaging of large field [8, 9] , passive MMW remote sensing has also been developed, and it has led to the development of simulation in passive MMW imaging, which is of great value in the study of MMW radiation of various kinds of targets. Then, it is helpful to recognize the radiation characteristics of the target, explain some of the radiation phenomena, find the specific radiation patterns, and judge the measured results. In addition, simulation in MMW imaging is also beneficial to the parameter design of the radiometer system, with which the performance and the situation of the radiometer can be assessed conveniently. Also, it has become an effective supplement and substitute for real measurement, which can save time and cost.
Passive MMW imaging technology firstly appears to be that of Salmon et al. [10] where plastic and metal objects microwave imaging is simulated; however only a few specific objects are modeled in this paper. Then, a general model which is suitable for any simple scene is established in [11] , whereas the effect of single reflection is just considered in the model, and the coupling between the targets in the scene is not taken into consideration. Then in order to simulate the more complex scenes, a greater level of sophistication in the model proposed in [12] is developed, in which the interaction between the various brightness temperature targets in the model is counted with radiometric method. However, the interaction in brightness temperature tracing method is counted with ray tracing method, which can adjust the resolution in a certain range to improve the flexibility [13] [14] [15] . And then, passive MMW imaging system for remote sensing is developed in [16] . Afterwards, brightness temperature simulation in extremely rough surface imaging is obtained in [13, 16, 17] , in which the surface is approximated by Lambertian approximate law. In previous work, the space meshing ray tracing method is used in the brightness temperature tracing which can avoid the intersection test to realize the fast calculation or the highly accurate analysis of the dense ray in the same amount of calculation. We can reach a conclusion that the scene discussed above is mainly composed of smooth surface or extremely rough surface; however, the simulation in rough surface imaging is not accurate enough because of the approximation in the calculation. To solve the aforementioned problem, we present an improved model in which the diffused reflection of the rough surface is considered and the surrounding brightness temperature in the nonreflection direction is added into the model. Then MBTT method is proposed in this paper to obtain the radiation brightness temperature of rough surface. The results of present work imply that the improved model is closer to the real scene, which effectively enhances the discrimination of different roughness of rough surface.
Model of MBTT Method
In order to account for diffused reflection in scene simulation, it is important to have a good understanding of the difference between various models. Lambertian approximation law is used in previous work in which the contribution from around brightness temperature to the observation angle is considered as a consistent value. However, only the contribution to the reflection direction should be considered in the model of smooth surface. Actually, the contribution from the brightness temperature around to the brightness temperature in the observation angle is different. To describe the three cases aforementioned clearly, the models are shown in Figures 1(a) 
It can be found that the improved model can be more accurate to account for the diffused reflection of the rough surface, which can improve the discrimination of the brightness temperature tracing method. Then, MBTT method is proposed in this paper to account for the contribution of the diffused reflection of the rough surface.
Multilayer Brightness Temperature Tracing (MBTT) Model
. For the reason that the effect of diffused reflection should be accounted for in the simulation in rough surface imaging, all the rays need to be layered in the tracing process. The principle of layers relies on the times of the diffused reflection of the ray. Rays which do not experience the diffused reflection are considered as the first layer and rays which experience diffused reflection once are considered as the second layer and so on. The schematic diagram is shown in Figure 2 .
Different tracing model is applied to different roughness surface; for microrough surface (0.1 < < 0.3), only the brightness temperature in the reflection direction is needed to be considered, whose reflectivity is the addition of rough coefficient based on the reflectivity of smooth surface. For the medium rough surface (0.3 < < 1), reflection brightness temperature is composed of the coherent and incoherent components after diffused reflection; hence, the rays in the reflection direction and those in any other direction are all needed to be considered. Different from medium rough surface, the extremely rough surface is only needed to consider the noncoherent components for extremely rough surface ( > 1), and the coherent components can almost be ignored [16] .
The model of medium rough surface is taken as an example to introduce MBTT method for the reason that it includes coherent and incoherent components. The physical model of imaging of space to ground is shown in Figure 3 , and the bottom surface is medium rough surface. As shown in Figure 3 , the pitch angle and the azimuth angle of radiometer antenna in the coordinate are ( , ), which receives the brightness temperature from target 1, and AP ( , ) is the brightness temperature arriving at the radiometer which is composed of the air, target 1, target 2, and their coupling between each other.
MBTT method uses the receiving point as source point in order to facilitate the calculation. After emitting, if the ray is across a smooth surface, it will continue tracing in the reflection direction, and if the ray is across a rough surface, besides the ray in reflection direction, other rays emitted from the new source are also needed to trace. The new source is the cross point. Then a certain number of times of reflection and layer are set, and then the tracing will be terminated when the times of reflection and layer reach a certain number.
In Figure 4 , model of MBTT of a single ray is shown. The radiometer swings in the range of its azimuth angle and pitching angle; each azimuth angle and pitching angle can be considered as a ray, and the interval between the rays can arbitrarily be set if hardware conditions permit. Assume that the range of pitch angle is divided into segments, and azimuth angle is segments. In order to distinguish the different reflection and layer in the tracing, brightness temperature of each section is represented by . The number of layer is expressed by ; if the number of maximum layer is set as 3, then = 1,3. The times of reflection are expressed by ; if the times of maximum reflection are set as 3, then = 0, 3. Therefore, the brightness temperature arriving at the radiometer is represented by 10 ( 0 , ), and the brightness temperature from the ground to target 1 is expressed by
. 2 is the incident degree of the ray. After the ray crosses the ground, coherent and noncoherent components will be formatted due to the medium rough surface. The coherent component is the ray in the reflection direction; the brightness temperature from the air to the ground is expressed by 12 ( 1 , 1 ). And the incoherent component is the ray emitted from the intersection after the ray crosses the rough surface. In the model, the intersection point is regarded as the source of emitting rays, and the second layer tracing begins. As it is shown in Figure 4 , the experiment, it can be concluded that two layers are enough to simulate the radiation brightness temperature of rough surface exactly.
Retrieving Model of MBTT.
For retrieving model, compared with the single layer brightness temperature, besides the layer itself, the coupling between the upper and lower layers also needs to be considered in the MBTT method. As it is shown in Figure 4 , 10 ( , ) represents the brightness temperature arriving at the radiometer, which is composed of the brightness temperature of the air in the incident direction UP ( 2 , 2 ), the brightness temperature from target 1 1 ⋅ 1 ( 2 ), and the brightness temperature from the ground reflected by target 1 11 ( 2 , 2 )⋅ 1 ( 2 ), which can be expressed by
( 1) For smooth surface, the first two parts in formula (1) are consistent with the general model, and the change is the third item, 11 ( 2 , 2 ), which represents the brightness temperature arriving at target 1 from the ground. It is composed of brightness temperature in the reflection direction and the ground itself, which is given by formula (2). The polarization rotation coefficient between the rough surface and the reflection surface of target 1 is represented by
Formula (2) has been obtained in the previous work. And if the Lambertian model is used, 11 ( 2 , 2 ) in different observation angles will be set as a certain value. However, for modified model, the diffused reflection of the rough surface is accounted for in the model. Hence the modified 11 ( 2 , 2 ) can be given as follows:
In (3), it can be seen that modified 11 ( 2 , 2 ) is composed of three parts; the first part is the coherent components, and its reflectance is the addition of rough coefficient based on the reflectance of smooth surface. Then, 12 ( 1 , 1 ) is actually the brightness temperature of the air down to the ground
is the reflectance of smooth surface in direction 1 , while is the polarization mode and and are, respectively, the wave number and RMS height. And then, the second part 2tol ( 1 , 1 ) is the total brightness temperature of the second layer after diffused reflection in direction ( 1 , 1 ) which is the product of the around brightness temperature arriving at the source of the second layer. Using the reflectance Γ( , ; 1 , 1 ) from the direction ( , ) to the direction ( 1 , 1 ), we have
where 20 ( , ) in (4) 
in which 21 ( 3 , 3 ) is the brightness temperature of the air down to target 2 and 2 ( 3 ) and 2 ( 3 ) are, respectively, the reflectance and emissivity of target 2 in direction 3 . And 2 is the physical temperature of target 2. The polarization rotation coefficient between the reflection surface of target 2 and the rough surface is represented by 2 12 . In formula (4), the pitch angle direction is divided into parts, and the azimuth direction is divided into parts; consequently, Γ( , ; 1 , 1 ) is the reflectance from direction ( , ) to ( 1 , 1 ), which can be obtained by
In (6), , are the polarization modes and ( , ; 1 , 1 ) is the reflectance coefficient from direction ( , ) to ( 1 , 1 ), the derivation of which is contained in [18] . The third part of (1) is the brightness temperature from ground arriving at target 1, where is the physical temperature of the ground and ( 1 ) is the emissivity in polarization of the ground in direction 1 . ( 1 ) is the transmittance in polarization of the ground in direction 1 . The emissivity of smooth surface can be represented by
The contribution of the nonreflection direction should be considered in calculating the emissivity of the rough surface; thus we have
in which co ( 1 ) and non ( 1 ) are, respectively, its coherent reflection coefficient and noncoherent reflection coefficient. In this case, ( 1 ) in (7) and (8) is 0. The former has been introduced above, and the latter is given as follows:
We can obtain the modified brightness temperature from the ground to target 1 11 ( 2 , 2 ) by combining (4), (5), (6), (8) , and (9) with (3); after that, the retrieving can proceed according to the way of general brightness temperature tracing, and the final brightness temperature arriving at the radiometer can be obtained.
Experiments and Analysis

Comparing with the Grass.
To verify the model discussed before, we measure the brightness temperature of grass by use of radiometer antenna. Figure 5 shows the grass scene measured using a millimeter radiometer.
The results are shown in Figure 6 , and the calculated results using the improved model are also shown in Figure 6 . The working frequency is 94 GHz, and the root mean square height and the correlation length are 3.5 and 10 , respectively. The results reveal that the value obtained by the improved model is closer to the measured value; however the value of Lambertian model is significantly different from the measured one. Therefore, it may not be able to meet the requirement of detection in some specific condition.
We can conclude from the above that Figure 6 demonstrates the correctness and feasibility of the improved model. The relations between the simulation time with the number of layers and the times of reflection for the scene in Figure 5 are shown in Figure 7 .
In Figure 7 (a), the simulation time increases with the layer number of the model, and, in Figure 7 (b), the simulation time increases almost linearly with the reflection times. This is because the transmitting ray number is constant and the ray lengths increase with reflection times.
Actually the relative error of brightness temperature decreases with the layer number, which will approach a constant value. In the simulation for single layer model, the relative error of the results mainly comes from the inexact modeling of the rough surface, which can be obviously decreased by increasing the layer number. However, if the error caused by inexactness of the rough surface is decreased with several layers, the errors from other inexactness of the details of the scene, such as media and background parameters, measured values will become the dominant part. Then, the simulation accuracy cannot be improved by only increasing the layer and the relative error tends to be a constant value. This can be seen in Figure 8 , in which the relative errors are calculated by comparison with the measured value shown in Figure 6 .
To further study the effect of improved model, the simulation in three-dimensional scene imaging is presented in the following. Figures  9(a) and 9(b) are, respectively, the optical and measured images of airplane runway. It can be seen in the optical image that the rough surface is the grass next to the runway, which is at least composed of two different lengths of grass. Different brightness represents various grass, which is already marked in the figures. In the calculation, the length of the long grass and short grass is, respectively, set as 20 and 3.5 . Hence, in the measured image, it is easy to discriminate the two kinds of different roughness of the grass due to the different colors.
Simulations in MMW Imaging of Plane Runway.
The simulated image of runway is, respectively, obtained in Figures 10 and 11 , in which the two different models are applied. It appears clearly that both of the images reproduce the measured image of the radiometer well; however, a slight difference between the measured image and simulated image is due to the modeling of the scene. Figure 10 indicates that the brightness temperature of the grass is exactly the same for different roughness of grass. However, the color of the different roughness has a significant difference in Figure 11 , which is similar to the measured image.
To facilitate observation, the brightness temperature of the short grass is appropriately treated in this paper, which is shown in Figure 12 . Thus, the effectiveness and advantage of the improved model is further verified by comparing the measured image.
Simulations in MMW of Virtual Case.
To study the simulation in different roughness of rough surfaces imaging, we present a three-dimensional virtual scene in this paper, in which the improved model and the original model are used. The model of the scene is shown in Figure 13 , which includes four planes, respectively, 76, 79, 82, and 85, located on the --plane. In addition, the four rectangular bodies are located on the four planes, and the radiometer is located at the top of the scene. , and (2.1, 0.9), consequently, and the relative complex permittivity of the four rectangular bodies is assumed to be (3.50, 1.20) which is like the cement material. In the scene, the average brightness temperature of sky background, rectangles, and planes is assumed to be 50 K, 300 K, and 200 K, respectively.
the azimuth angle and pitching angle is both 40 ∘ . Four planes from 76 to 85 are assumed to be water, grass, asphalt road, and bare soil in turn. The four planes can be considered as four different roughness surfaces; the asphalt is considered as a microrough surface, the water surface is considered as a medium rough surface, and the bare soil and grass are considered as an extremely rough surface. It must be pointed out that in this paper the ambient temperature of the target is not taken into account by the environmental factors such as rainfall, fog, and cloud cover [19] [20] [21] [22] . Figure 14 (a) is the simulated image in which the original model is used; Lambertian model is used for grass and soil. The slightly rough surface and medium rough surface are not mentioned in previous paper; hence, the emissivity of the two kinds of rough surface is also set as a certain value for convenient comparison of the data. Figure 14 (c) is the simulated image, which uses the improved model proposed in this paper where the roughness of the surface is described by RMS height and correlation length . The four rectangles can be clearly seen in both of the images, and the brightness temperature of grass, bare soil, asphalt, and water is decreasing.
The difference between Figures 14(a) and 14(c) is that the brightness temperature of the four rough surfaces is all the same in deviation angle from −20 ∘ to +20 ∘ in Figure 14 (a). However, the brightness temperature of four rough surfaces is changing with the variation of pitching angle in Figure 14(c) . Moreover, brightness temperature of asphalt and water is increasing with the elevation of zenith angle; however grass and bare soil have the converse results.
In order to observe the change of brightness temperature with pitch angle of each kind of material, six curves are calculated when the azimuth angle is −12 ∘ , 2 ∘ , and 12 ∘ in Figures 14(a) and 14(c) , which is presented in Figure 14 (b).
This study is based on the fact that the brightness temperature is related to the pitch angle but not the azimuth angle. The results indicate that the difference between the two kinds of models is more obvious in Figure 14(b) .
Simulations in MMW of Different Roughness Material.
To research the change of brightness temperature with the incident angle in different roughness, Figure 15 reveals the curves of different RMS heights of the same material. The results show that the brightness temperature of the grass increases with the increment of the RMS height. And Figure 16 reveals the curves of different correlation lengths of the same material. Then, the results indicate that the brightness temperature of the grass decreases with the increase of the correlation length. Therefore, it can be concluded that the roughness and the brightness temperature are increased with the roughness in the same medium for the reason that both the increment of RMS height and the decrements of correlative length mean the increment of roughness.
The simulation in different roughness grass imaging is shown in Figure 17 . The result indicates that the rangeability of brightness temperature with incident angle also increases with the increment of roughness. It can be seen clearly that the change of brightness temperature of Figure 17 (a) is obvious from the top to the bottom, which cannot be observed clearly in Figure 17(d) . Therefore, it can be concluded that the difference of brightness temperature between the two models increases with the decrease of roughness, which confirms the effect of the improved model proposed in this paper.
The soil of different humidity is simulated to study the change of brightness temperature of different medium with the incident angle, in which the dielectric constant of soil with different moisture refers to [23, 24] . The results in Figures 18 and 19 reveal that the relative permittivity of wet soil is proportional to the content of water, and the brightness temperature decreases with the increment of the relative complex permittivity. The result is consistent with the description of Figures 14(a) and 14(c) . Also, it can be concluded that in Figures 18 and 19 , for the same medium, the brightness temperature increases with the roughness which is determined by the RMS height and the correlation length. And this conclusion is consistent with the idea described before. In addition, the effect of roughness on the brightness temperature is less than that of the dielectric constant.
Conclusions
Improved model is proposed in this paper for rough surface scene simulation in millimeter-wave imaging. And MBTT method is suggested to consider the diffused reflection of rough surface. Our results indicate that the improved model is correct and effective in the simulation of the rough surface, whereas the discrimination of the brightness temperature tracing method is improved, with which different roughness of the same material can be clearly discriminated.
In addition, the effects of different root mean square height, correlation length, and the roughness of the dielectric constant of the rough surface are studied and analyzed. The results show that, for the same material, the radiation brightness temperature increases with the increment of the root mean square height; however the correlation length is inversely proportional to the radiation brightness temperature. Hence, it can be concluded that the roughness increases with the increase of the brightness temperature in the same medium for the reason that both the increment of RMS height and the decrements of correlative length mean the increment of roughness. Besides, the results in this paper reveal that the rangeability of brightness temperature with incident angle increases with the increment of roughness as well. And the radiant brightness temperature decreases with the increment of the dielectric constant. Of course, MBTT method used in this paper is not absolutely perfect, in which the Kirchhoff approximation method is used; however a better method can be applied to calculate the scattering coefficient of rough surface, which will be argued in the future work.
